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Bigger is not always better: when brains get smaller
Abstract
Many studies assume that an increase in brain
size is beneficial. However, the costs of producing and maintaining a brain are high, and we argue that
brain size should be secondarily reduced by natural selection whenever the costs outweigh the benefits.
Our results confirm this by showing that brain size is subject to bidirectional selection. Relative to the
ancestral state, brain size in bats has been reduced in fast flyers,
while it has increased in manoeuvrable flyers
adapted to flight in complex habitats. This study emphasizes that brain reduction and enlargement are
equally important, and they should both be considered when investigating brain size evolution.
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Summary 8 
Many studies assume that an increase in brain size is beneficial. However, the costs of 9 
producing and maintaining a brain are high, and we argue that brain size should be 10 
secondarily reduced by natural selection whenever the costs outweigh the benefits. Our results 11 
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Introduction 28 
Since Jerison (1973) argued that brain size cumulatively increased over evolutionary time, 29 
studies that followed have concentrated on how and why brains become larger (e.g. Barton & Harvey 30 
2000; Finlay & Darlington 1995; Harvey & Krebs 1990). But the development and maintenance of a 31 
large brain are costly (Aschoff et al. 1971). Although the constraint of energetic costs associated with 32 
neuronal tissue was recognized, the focus remained on how species maintain and/or increase overall 33 
brain size (Aiello & Wheeler 1995; Jones & MacLarnon 2004; Martin 1981). However, a permanent 34 
reduction in brain size or parts of a brain should evolve, when the energetic benefits from a reduction 35 
of metabolic costs outweigh the loss of neuronal capacities, suggesting that bigger is not always better.  36 
Bats provide an excellent opportunity to investigate brain size evolution, since they are under 37 
high selection pressure for increased energetic efficiency due to their expensive mode of locomotion 38 
(Berger & Hart 1974; Tobalske et al. 2003). In flying animals, and in bats in particular, wing area (as 39 
the most straight forward wing morphological measure) reflects flight performance (Altshuler & 40 
Dudley 2002; Norberg & Rayner 1987; Safi & Dechmann 2005). Species, which forage in open space 41 
rely on speed, and have small, narrow wings relative to body mass, resulting in low agility and low 42 
manoeuvrability (Norberg & Rayner 1987). These narrow winged species have low relative costs of 43 
flight and thus increased flight efficiency. The opposite extreme of eco-morphological adaptation are 44 
bats foraging in highly structured habitats. These species have broad and large wings that render them 45 
highly manoeuvrable, but that make flight also more costly (Norberg & Rayner 1987).  46 
Here we attempt to disentangle the effects of adaptation to habitat structure and flight 47 
efficiency on the evolution of mammalian brain size. We estimate ancestral character traits (Pagel 48 
1997; Pagel 1999a; Pagel 1999b), relate total brain size to habitat complexity and flight efficiency 49 
(Felsenstein 1985), and investigate the mode of brain size evolution (Pagel 1997; Pagel 1999a; Pagel 50 
1999b), to determine whether a reduction of brain size can be adaptive.  51 
Methods 52 
We used ln transformed data for body mass (g), wing area (m2), and total brain size (mg) of 53 
104 bat species from 13 families from the literature (Baron et al. 1996; Norberg & Rayner 1987). As 54 
recommended by Garland et al. (1992) we analysed the data on two levels, once on species level 55 
(using standard general linear models (GLMs) or regressions) and once taking phylogeny into account 56 
either with a phylogenetic generalized least squares approach (PGLS) using the software CONTINUOUS 57 
(Pagel 1994; Pagel 1997; Pagel 1999b) or a phylogenetic independent contrast approach using the 58 
software CAIC (Purvis & Rambaut 1995).  59 
We used a composite molecular phylogeny to infer relationships between species (see 60 
supporting online material). Since branch lengths were partly unknown we set them to equal length 61 
(Garland et al. 1992). 62 
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We tested the appropriateness of equal branch lengths in CONTINUOUS using the likelihood 63 
ratio test and the scoring parameter kappa (κ), which differentially stretches or compresses individual 64 
phylogenetic branch lengths (Pagel 1997). Once we set κ to zero, i.e. enforced a punctuational mode 65 
of evolution (ln-likelihood model = -78.24) and compared it with the maximum likelihood estimate 66 
(MLE = 2.9, 95%CI = 0 - 3). This comparison revealed that for all traits included in the model branch 67 
length had no effect (ln-likelihood ratio = 1.7E-12, d.f. = 1, p = 1.0), justifying the use of equal branch 68 
length. Another important scoring coefficient is lambda (λ) that reveals whether the phylogeny 69 
predicts the pattern of covariance among species (Pagel 1999a). Its value (λ = 0.82, 95%CI = 0.66–70 
1.0) indicated that species are not independent (if 0 < λ ≥ 1) and that phylogenetic correction was 71 
required for appropriate statistical testing.  72 
For the phylogenetic independent contrasts in CAIC, the plots of the absolute values of the 73 
standardized contrasts versus the standard deviation showed no correlation for all variables. This 74 
suggested again that equal branch lengths standardized the contrasts reasonably (Diaz-Uriarte & 75 
Garland 1998).  76 
In CONTINUOUS two models of trait evolution are available: the standard constant-variance 77 
random walk model (A) and a directional random-walk model (B). By comparing their ln-likelihood 78 
ratio models can be tested for their fit to the data. The comparison of the two models of trait evolution 79 
(A vs. B) revealed no evidence for model B for all investigated traits (ln-likelihood A: -78.24; ln-80 
likelihood B = -77.65; ln-likelihood ratio = 0.59, d.f. = 4, p = 0.88). Consequently we used model A to 81 
estimate correlations between the traits (Pagel 1994; Pagel 1997; Pagel 1999b). 82 
Results 83 
Ancestral state: 84 
Our maximum likelihood estimates of ancestral states for body mass, and wing area, indicated 85 
that the ancestor of modern bats was intermediate in body, wing and brain size (Fig 1). The estimates: 86 
were: body mass = 2.96 (anti-logged 19.22 g); brain size = 6.12 (anti-logged = 454 mg); wing-area = -87 
4.15 (anti-logged = 0.016 m2).  88 
 89 
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Figure 1: Estimate of ancestral (black cross) ln body mass, ln brain size, and ln wing area. Grey dots depict 90 
extant species values (N = 104).  91 
Correlate of brain size: 92 
As expected (Jones & MacLarnon 2004), body mass correlated with brain size (species level: r 93 
= 0.95, r2 = 0.914, t = 32.911, p < 0.0001, slope: 0.81, 95%CI = 0.71-0.91; PGLS: r = 0.96, r2 = 0.93, t 94 
= 35.88, p < 0.0001, slope: 0.67, 95%CI = 0.50-0.84).  95 
 96 
Table 1: Multiple regression of ln wing area and ln brain size correcting for ln body mass. The effect of 97 
phylogenetic inertia was corrected using the phylogenetic least squares approach (PGLS).  98 
 PGLS 
 N r r2 t p 
All species 104 0.26 0.08 2.59 0.004 
Animal-eating species 68 0.46 0.21 4.16 <0.0001 
Plant-eating species 36 -0.26 0.07 -1.52 0.14 
 99 
When correcting for phylogeny and for body mass, wing area correlated positively with brain 100 
size (Tables 1 & 2; Fig. 2; partial correlation correcting for body mass at species level: r = 0.07, r2 = 101 
0.005, t = 0.722, p = 0.47). Thus wing area, relative to body mass predicts encephalization in bats after 102 
phylogenetic correction (Tables 1 & 2; Fig. 2-A).  103 
 104 
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Figure 2: Plot of residual contrasts in ln wing area (X-axes) and ln brain size (Y-axes) (residuals generated from 105 
a least-squares regression of phylogenetic independent contrasts in ln wing area and ln brain size against ln 106 
body mass). 2-A: For all species in this study 2-B: The same plot for plant-eating bats. 2-C: and for animal-107 
eating bats.  108 
 109 
Plant-eating bats have larger relative brain sizes than animal-eating bats (Eisenberg & Wilson 110 
1978; Hutcheon et al. 2002; Jones & MacLarnon 2004). When we separated plant-eating species from 111 
animal-eating species, we found that relative wing area correlated with relative brain size only in the 112 
latter (Tables 1 & 2; Fig. 2-B & 2-C).  113 
 114 
Table 2: The effect of ln wing area on ln brain size correcting for ln body mass (covariate) on the level 115 
of phylogenetic independent contrasts. 116 
  Phylogenetic independent contrasts 
  df SS3 F p 
All species: Wing area 1 0.07 12.04 0.0008 
 Body mass 1 0.55 99.99 <0.0001 
 Error 101    
      
Animal-eating species Wing area 1 0.11 21.59 <0.0001 
 Body mass 1 0.32 66.47 <0.0001 
 Error 65    
      
Plant-eating species Wing area 1 <0.01 0.46 0.50 
 Body mass 1 0.24 40.28 <0.0001 
 Error 33    
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 117 
Mode of brain size evolution: 118 
If brain size relative to body mass did increase uni-directionally with progressing evolution, a 119 
directional random-walk model (B) should fit the data better than a constant-variance random walk 120 
model (A). However, the PGLS comparison of residuals from a least squares regression of body mass 121 
vs. brain size revealed no evidence for a directional mode of brain size evolution in bats (PGLS: log 122 
likelihood A = 36.35; log likelihood B = 36.65; log likelihood ratio = 0.30, d.f. = 2, p = 0.74). There 123 
was also no evidence for a directional evolution of brain size relative to body mass for the reduced 124 
data set of either animal-eating or plant-eating bat species (animal-eating bats: model A vs. B log 125 
likelihood ratio = 0.57, d.f. = 2, p = 0.57; plant-eating bats: model A vs. B log likelihood ratio = 0.04, 126 
d.f. = 2, p = 0.96). 127 
Discussion 128 
Our study demonstrates that brain size evolution is bi-directional, and that there are ecological 129 
situations where it is beneficial to reduce neuronal mass according to a balance between energetic 130 
demands and ecological conditions.  131 
The results show that the ancestral bat was of average body, wing and brain size, which is in 132 
line with the current predictions according to the fossil record (Norberg 1989; Simmons & Geisler 133 
1998). We also found that relative wing area correlates with relative brain size suggesting that these 134 
traits co-evolved. Bats foraging in complex environments have broad and large wings relative to body 135 
mass rendering them highly maneuverable, but inefficient flyers (Norberg & Rayner 1987), while the 136 
opposite is true for species foraging in open space. Therefore brain size either increased to 137 
accommodate the neuronal structures necessary for flight in dense habitats, such as improved spatial 138 
memory or hearing ability (Safi & Dechmann 2005) or decreased when sensory needs were relaxed to 139 
reduce weight and energetic costs as well as improve aerodynamics. Examples are the family 140 
Molossidae or the Vespertilionid genus Nyctalus, which are highly adapted to open habitats, whose 141 
residual brain size values are distinctly lower than the average of all investigated species. The lack of a 142 
correlation between relative wing area and residual brain size in plant-eating bats suggests that 143 
neuronal requirements for these species are consistently high. In contrast, animal-eating species forage 144 
in all types of habitats including open space, and this results in a much wider range of morphological 145 
adaptations and neuronal requirements.  146 
Although the selection for brain size reduction may be particularly strong in flying animals 147 
(Brenowitz 2004) a reduction in brain size should be a general property of evolution. Studies that 148 
investigate the effect of factors such as social system, diet, or gestation length on brain size or parts of 149 
the brain should therefore be careful to identify ancestral states without the general assumption that 150 
smaller is more primitive. The assumption that larger brains are derived is probably associated with 151 
the quest to explain why humans have large brains. Instead, the investigation of both increases and 152 
decreases of the brain and/or brain parts is required and are equally rewarding, when identifying 153 
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fundamental processes shaping neural structures. We demonstrate that brain size evolution may be bi-154 
directional and that bigger is not always better.  155 
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